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The acrosome is an exocytic granule that overlies the spermatozoan nucleus. In response to different stimuli, it undergoes calcium-
regulated exocytosis. Freshly ejaculated mammalian sperm are not immediately capable of undergoing acrosome reaction. The acquisition of
this ability is called capacitation and involves a series of still not well-characterized changes in the sperm physiology. Plasma membrane
cholesterol removal is one of the sperm modifications that are associated with capacitation. However, how sterols affect acrosomal exocytosis
is unknown. Here, we show that short incubations with cyclodextrin, a cholesterol removal agent, just before stimulation promote acrosomal
exocytosis. Moreover, the effect was also observed in permeabilized cells stimulated with calcium, indicating that cholesterol plays a direct
role in the calcium-dependent exocytosis associated with acrosome reaction. Using a photo-inhibitable calcium chelator, we show that
cholesterol affects an early event of the exocytic cascade rather than the lipid bilayers mixing. Functional data indicate that one target for the
cholesterol effect is Rab3A. The sterol content does not affect the Rab3A activation–deactivation cycle but regulates its membrane
anchoring. Western blot analysis and immunoelectron microscopy confirmed that cholesterol efflux facilitates Rab3A association to sperm
plasma membrane. Our data indicate that the cholesterol efflux occurring during capacitation optimizes the conditions for the productive
assembly of the fusion machinery required for acrosome reaction.
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Due to the loss of most cell organelles and DNA
transcription machinery, spermatozoa lack protein expres-
sion and vesicular transport. Furthermore, phospholipids,
cholesterol and other components of the plasma membrane
cannot be newly synthesized. However, sperm plasma
membrane is not a stable and metabolically inert structure
since the plasma membrane of testis-released spermatozoa is
not yet fully matured. During sperm transit through the
epididymis, the plasma membrane changes by the release,
redistribution and adsorption of proteins and lipids in a0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.07.001
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Gadella, 2000). In most mammalian species, spermatozoa
are fully matured when they reach the end of the cauda
epididymidis. However, freshly ejaculated mammalian
sperm are not immediately capable of undergoing acrosome
reaction (AR) and fertilizing an egg. They require a period
of several hours in the female reproductive tract or in an
appropriate medium in vitro to acquire this ability. The
changes that occur during this period are collectively called
capacitation (Yanagimachi, 1994).
During capacitation, major changes take place in the
sperm plasma membrane so as to render it fusogenic and
responsive to zona pellucida glycoproteins (Spungin et al.,
1992). However, the mechanisms involved have not been
well defined (Harrison and Gadella, 2005). It is known to be
a multistep process during which activation of a bicarbonate285 (2005) 393 – 408
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cAMP and protein kinase A (PKA)-mediated tyrosine
phosphorylation of a subset of flagellar proteins that
correlates with changes in sperm motility (Visconti et al.,
1995a,b). Upstream of these events are subtle but all-
determining changes to the sperm’s plasma membrane,
among which may be mentioned membrane hyperpolariza-
tion (Zeng et al., 1995), opening of voltage-gated Ca2+
channels (Florman et al., 1998), loss of transbilayer
phospholipid asymmetry (Harrison and Gadella, 2005) and
efflux of cholesterol (for a review, see Flesch and Gadella,
2000). Cholesterol loss begins soon after sperm are removed
from seminal plasma and is a required alteration for sperm
capacitation. The cholesterol content decreases up to 40% in
various mammalian sperm capacitated in vitro (Flesch and
Gadella, 2000; Iborra et al., 2000). Cholesterol acceptors
such as high density lipoproteins and albumin are present in
oviductal and follicular fluids. Under fertilization condi-
tions, the sperm will find both components in the oviduct
(Ehrenwald et al., 1990). Cyclodextrins are nonphysiolog-
ical cholesterol acceptors that have been used to alter the
membrane cholesterol contents in several cell types. These
cyclic heptasaccharides enhance the solubility of nonpolar
substances, like sterols, by incorporating them in their
hydrophobic cavity and forming inclusion complexes.
Cyclodextrins have been used as highly efficient sterol
acceptors or donors to investigate the role of cholesterol
release in ‘‘in vitro’’ sperm capacitation and AR (Choi and
Toyoda, 1998; Cross, 1999; Osheroff et al., 1999; Visconti
et al., 1999a).
Interaction of capacitated sperm plasma membrane with
the oocyte zona pellucida signals sperm to undergo the AR,
which is a special type of regulated exocytosis. The sperm
head contains a large secretory vesicle, the acrosome,
overlying the sperm’s nucleus (Yanagimachi, 1994). The
acrosomal membrane underlying the plasma membrane is
referred to as the ‘‘outer’’ acrosomal membrane, and that
overlying the nucleus is referred to as the ‘‘inner’’
acrosomal membrane. During AR, multiple fusions
between the outer acrosomal membrane and the plasma
membrane occur resulting in the release of the acrosomal
content and exposure of molecules present on the inner
acrosomal membrane. Incubation of spermatozoa with
exogenous sterols to maintain a high level in sperm plasma
membrane inhibits progesterone and calcium ionophore-
induced AR of human sperm (Cross, 1996) and the zona
pellucida-induced AR of mouse sperm (Visconti et al.,
1999b). However, how sterols control the acrosomal
exocytosis is until now unknown. Most studies cannot
distinguish between a direct role of cholesterol in the
exocytic process and an indirect effect mediated by changes
in other sperm parameters that are modified during
capacitation (e.g., tyrosine phosphorylation).
Regulated exocytosis is a complex membrane fusion
process that requires the specific attachment of secretory
granules to the plasma membrane and the opening of fusionpores connecting the interior of the granule with the
extracellular medium (Burgoyne and Morgan, 2003). At
present, several of the proteins involved in these events have
been identified and characterized. Rabs are small GTPases
that, upon activation by exchanging GDP for GTP, cause the
formation of large aggregates of effector proteins that
contribute the loose and reversible attachment of the
compartments that are going to fuse (i.e., membrane
tethering; Pfeffer, 2001). In a subsequence step, membrane
proteins of the SNARE family (for soluble N-ethylmalei-
mide sensitive factor attachment protein receptor) present in
opposite compartments form trans complexes promoting a
tight and irreversible attachment (i.e., membrane docking),
facilitating the close proximity of the membranes (Sollner,
2003). Once the SNARE complexes have been assembled, a
still not well-defined process causes the opening and
expansion of the fusion pore. In regulated exocytosis, this
final stage requires an increase of cytoplasmic Ca2+ and the
action of Ca2+ sensor proteins such as members of the
synaptotagmin family (Burgoyne and Morgan, 2003). We
have demonstrated that Rab3A activation (Michaut et al.,
2000), SNARE complex assembly (Tomes et al., 2002) and
an intraacrosomal calcium efflux (De Blas et al., 2002) are
required for human sperm AR.
Aided by a streptolysin-O permeabilization model
developed in our laboratory (Yunes et al., 2000), we present
evidence that changes in sperm cholesterol affect directly
the membrane fusion process occurring during acrosomal
exocytosis. Moreover, our data indicate that cholesterol
efflux optimizes the conditions for the productive assembly
of the fusion machinery upon sperm stimulation by favoring
Rab3A membrane association.Materials and methods
Reagents
Streptolysin-O (SLO) was obtained from Corgenix
(Peterborough, UK). Gamete Preparation Medium (GPM;
Serono, Madrid, Spain) was used as spermatozoa culture
medium. The composition of GPM is based on Earle’s
balanced salt solution (0.2 g/l CaCl2, 0.4 g/l KCl, 0.097
MgSO4, 6.8 g/l NaCl, 2.2 g/l NaHCO3, 0.14 g/l NaH2-
PO4IH2O, 1 g/l d-glucose, 0.01 g/l phenol red) supple-
mented with 0.1 g/l Na pyruvate and 1 mg/ml of human
serum albumin. GPM contains no antibiotics. The pH and
osmolality are controlled within the ranges 7.2–7.4 and
278–288 mosM/kg, respectively. Human Tubal Fluid
medium (HTF medium, Irvine Scientific, CA, USA, 5.94
g/l NaCl, 0.35 g/l KCl, 0.05 g/l MgSO4I7H2O, 0.05 g/l
KH2PO4, 0.3 g/l CaCl2I2H2O, 2.1 g/l NaHCO3, 0.51 g/l d-
glucose, 0.036 g/l Na pyruvate, 2.39 g/l Na lactate, 0.06 g/l
penicillin, 0.05 g/l streptomycin, 0.01 g/l phenol red) was
used as spermatozoa culture medium in experiments showed
in Fig. 6C and in Fig. 8. When indicated, HTF medium was
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(BSA). O-nitrophenyl EGTA-AM (NP-EGTA-AM) was
purchased from Molecular Probes (Eugene, OR). Methyl-
h-cyclodextrin (CyD) and CyD loaded with cholesterol
(1000 mg of the complex contains 53 mg of cholesterol,
CyDC) were from Aquaplex, Cyclodextrins Technologies
Development (Florida, USA). Xestospongin was from
Calbiochem (La Jolla, CA). Plasmids encoding the C2A
domain of synaptotagmin VI and the light chain of
botulinum neurotoxin E (BoNT/E) were generously pro-
vided by M. Fukuda (Institute of Physical and Chemical
Research, Saitama, Japan) and T. Binz (Medizinische
Hochschule Hannover, Hannover, Germany), respectively.
Plasmids encoding human Rab3A and bovine GDIa were a
kind gift from M.I. Colombo and P.D. Stahl (Washington
University, St. Louis). Anti-Rab3A polyclonal IgG was
from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse
monoclonal to phosphotyrosine (clone PY20) was pur-
chased from ICN (Aurora, OH). Rabbit polyclonal antisera
directed against human cation-dependent mannose-6-phos-
phate receptor (M6PR) was generously provided by Dr.
Miguel Sosa (IHEM, Mendoza, Argentina). Horseradish-
peroxidase-conjugated goat anti-rabbit IgG was from
Kirkegaard and Perry Laboratories Inc (KPL, Gaithersburg,
MD). 10-nm-gold-labeled goat anti-rabbit IgG was gener-
ously provided by Dr. M. Forne´s (IHEM, Mendoza,
Argentina). All other chemicals were reagent of analytical
grade and were purchased from Sigma Chemical Co. (St.
Louis, MO).
Acrosome reaction in intact and permeabilized spermatozoa
Human semen samples were obtained from healthy
donors. Highly motile sperm were recovered following a
swim-up separation for 1 h in GPM medium at 37-C in an
atmosphere of 5% CO2/95% air. Concentration was then
adjusted to 5–10  106/ml with GPM, and incubation
proceeded (capacitating conditions) for at least 2 h.
Following swim-up and for the indicated times of incuba-
tion, the spermatozoa were assessed for capacitation status
by measuring the ability of the cells to become responsive to
15 AM progesterone. In some experiments, spermatozoa
were used without further treatment (non-permeabilized). In
other experiments, sperm were permeabilized as described
(Yunes et al., 2000). Briefly, washed spermatozoa were
resuspended in cold PBS containing 0.4 U/ml SLO for 15
min at 4-C. Cells were washed, resuspended in ice-cold
sucrose buffer (SB; 250 mM sucrose, 20 mM HEPES-K, 0.5
mM EGTA, 2 mM DTT, pH 7), and inhibitors or stimulants
were added as indicated in the legends to the figures. In
experiments that consist of a series of successive treatments,
new reagents were added to the pre-existing mix. At the end
of the experiment, 10 Al of each sample was spotted on
slides and fixed in ice-cold methanol. Acrosomal status was
evaluated by staining with fluorescein-isothiocyanate-
coupled Pisum sativum lectin according to Mendoza et al.(1992). At least 200 cells were scored using a Nikon
microscope equipped with epifluorescence optics. Negative
(no stimulation) and positive (stimulated with calcium in
permeabilized spermatozoa or A23187 in intact cells)
controls were included in all experiments. For each experi-
ment, the data were normalized by subtracting the number
of reacted spermatozoa in the negative control from all
values and expressing the result as a percentage of the AR
observed in the positive control. Actual percentages of
reacted sperm for negative and positive controls ranged
between 6 and 25% and 25 and 40%, respectively.
Recombinant proteins
The DNA encoding GST-Rab3A, GST-GDI, or GST-C2A
domain of synaptotagmin VI was transformed into Escher-
ichia coli strain XL1-blue. Expression was induced over-
night at 22-C with 0.5 mM IPTG and proteins were purified
in glutathione–sepharose (Amersham Biosciences Argen-
tina, Buenos Aires, Argentina) following standard proce-
dures. Rab3Awas prenylated in vitro as described (Li et al.,
1994). Just before use, aliquots of the prenylated protein
were loaded with the nonhydrolyzable nucleotide guanosine
5V-O-3-[g-thio] triphosphate) (GTPgS), GTP or GDP as
described (Yunes et al., 2000). The light chain of BoNT/E
was expressed and purified as previously described (Rick-
man et al., 2004). The toxin was activated by incubation for
15 min at 37-C with 5 mM DTT.
Cholesterol measurements
Aliquots (20  106) of non-capacitated human sperma-
tozoa and capacitated for 2 h in GPM were or were not
permeabilized as described above. Sperm were then
incubated for 15 min at 37-C with 1 mM CyD, 1 mM
CyDC, 12.5 AM Amphotericin B or CyDC plus Amphoter-
icin B and pelleted through a sucrose cushion (20% in
GPM). The supernatant containing the cyclodextrins was
discarded. The pellets were treated with 6 volumes of
chloroform:methanol (2:1), vortexed for 10 s and centri-
fuged at 800  g for 5 min to extract lipids. The upper
phase was discarded, and the lower phase was evaporated
under nitrogen. Cholesterol was measured by the method of
cholesterol oxidase/peroxidase (Allain et al., 1974) (Wiener,
Rosario, Argentina) and analyzed in a spectrophotometer
Metrolab 1600 at 505 nm.
SDS-PAGE and Western blots
To examine by Western blot the tyrosine phosphorylation
profile, proteins from human spermatozoa treated as
explained in the legend to Fig. 1C were extracted in sample
buffer and processed as described (Tomes et al., 1998).
Briefly, after removing the GPM by washing twice with
PBS, sperm pellets were added to 6 sample buffer (1
final concentrations: 2% SDS, 10% glycerol, 62.5 mM
Fig. 1. Membrane cholesterol modulates calcium-triggered acrosomal exocytosis in non-permeabilized and permeabilized spermatozoa. (A) After swim-up in
GPM, sperm were incubated for 0, 2 or 5 h under capacitating conditions. An aliquot was incubated for 15 min with 1 mM CyD just before stimulating with 15
AM progesterone. The percentage of reacted sperm was evaluated in unstimulated (Co), stimulated (Pg) and CyD-treated and stimulated (CyD Y Pg) sperm.
(B) Sperm incubated under capacitating conditions for 2 h were treated for 15 min at 37-C in GPM supplemented, when indicated, with 1 mM of CyD (CyD) or
CyD preloaded with cholesterol (CyDC). Subsequently, the samples were incubated for 15 min at 37-C with no additions (Co) or in the presence of 10 AM
A23187 (A23), and acrosomal exocytosis was evaluated. (C) Ponceau staining (left) and Western blot analysis (right) with an anti-phosphotyrosine antibody
(PY20) of sperm after swim-up (0 h) or after 2-h incubation under capacitating conditions (2 h). Some aliquots were treated during the last 15 min of incubation
with 1 mM CyD (CyD). Protein corresponding to 1  106 spermatozoa was loaded per lane. Molecular weight standards (kDa) are indicated to the left of
Ponceau staining. The experiment was repeated three times, with similar results in each trial. (D) Sperm incubated under capacitating conditions for 2 h were
permeabilized and treated for 15 min at 37-C in sucrose buffer (SB) supplemented, when indicated, with 1 mM of CyD (CyD) or CyD preloaded with
cholesterol (CyDC). Subsequently, the samples were incubated for 15 min at 37-C with no additions (Co) or in the presence of 0.5 mM CaCl2 (10 AM free
Ca2+, Ca). (E) Effect of different concentrations of CyD (triangles) or CyDC (circles) on the AR of permeabilized human spermatozoa treated as described in
panel D. Acrosomal exocytosis was evaluated as explained in Materials and methods. The data represent the mean T SEM of at least three independent
experiments for panels A, B, D and E. For panels A, B and D, the means of groups that share a letter do not differ significantly ( P > 0.05).
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extracted by heating twice to 95-C for 6 min each. Extracts
were centrifuged (12,000  g) for 10 min, and the
supernatants were adjusted to 5% h-mercaptoethanol, boiled
for 3 min and used immediately or stored at 20-C.
Proteins were separated on 10% polyacrylamide slab gels
according to Laemmli (1970) and transferred to Immobilon
membranes (Millipore Corp., Bedford, MA). Equal protein
loads were systematically confirmed in all lanes within a gel
by Ponceau red staining of the transferred membrane.
Nonspecific reactivity was blocked by incubation for 1 h
at room temperature with 5% fish skin gelatin dissolved in
washing buffer (0.1% Tween 20 in PBS). Blots were
incubated with PY20 (0.2 Ag/ml) in blocking solution for60–120 min at room temperature. Horseradish-peroxidase-
conjugated goat anti-mouse IgG was used as secondary
antibody with 45-min incubations. Excess first and second
antibodies were removed by washing 5  10 min in
washing buffer. For Rab3A analysis, sperm were recovered
from a 1-h swim-up in HTF without BSA. A fraction was
further incubated for 2 h under capacitating conditions (HTF
supplemented with 5 mg/ml BSA). Sperm were treated
when indicated with 1 mM CyD for 15 min at 37-C just
before homogenization. Sperm membranes and sperm
lysates were obtained according to Bohring and Krause
(1999) and Tomes et al. (1998), respectively. An aliquot of
these membranes was incubated with 25 nM recombinant
GST-Rab3A loaded with GTPgS for 20 min at 37-C.
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Western blot as described (Yunes et al., 2000). Proteins
were separated on 12.5% polyacrylamide slab gels accord-
ing to Laemmli (1970) and transferred as described above.
Nonspecific reactivity was blocked by incubation for 1 h at
room temperature with 1% skim milk dissolved in washing
buffer. Blots were incubated with a rabbit polyclonal anti-
Rab3A IgG (1 Ag/ml) as probe in blocking solution for 120
min at room temperature. Horseradish-peroxidase-conju-
gated goat anti-rabbit-IgG was used as a secondary antibody
with 60-min incubation. Excess first and second antibodies
were removed by washing 5  10 min in washing buffer.
Detection of both Western blots was accomplished with an
enhanced chemiluminescence system (ECL; Amersham
Biosciences, Buenos Aires, Argentina) and subsequent
exposure to Kodak XAR film (Eastman Kodak, Rochester,
NY). In some instances, the blots were reprobed with an
anti-M6PR antibody to estimate the protein loads in each
lane. Nonspecific binding sites were blocked overnight at
4-C with 0.05% Tween-20 in 20 mM PBS (buffer B)
containing 3% low-fat milk. All the following steps were
carried out at room temperature. Membranes were incubated
with anti-M6PR antibody for 2 h (diluted 1:500 in buffer B),
washed three times for 15 min with buffer B and incubated
with biotin-conjugated anti-rabbit IgG (1:5000 in buffer B)
for 2 h. After five washes with buffer B, the membranes
were incubated for 1 h with peroxidase-conjugated ExtrA-
vidin (1:2000 in buffer B). After washes, the M6PR was
detected by the enhanced chemiluminescence method as
described above.
Immunoelectron microscopy
Sperm (50  106) incubated for 2 h under capacitating
conditions were permeabilized, resuspended in ice-cold SB
and treated for 15 min at 37-C in the presence or absence of
1 mM CyD. Ten micromolar EGTA-AM was added, and
incubation continued for additional 15 min. Finally, 50 nM
Rab3A loaded with GTPgS was added. After 15 min at
37-C, the samples were fixed in 4% paraformaldehyde in
PBS for 1 h. Gelatin-embedded samples were infiltrated
overnight in 2.3 M sucrose in PBS and frozen in liquid
nitrogen. Cryosections were prepared (Tokuyasu, 1973) and
labeled using published procedures (Lu et al., 1998).
Labeled grids were thinly embedded in aqueous 2%
methylcellulose/3% uranyl acetate (9:1 mixture). Grids were
observed with a Zeiss EM-900 at 50 kV.
Stereological analysis
Quantitation of the density of gold particles labeling was
performed using standard stereological procedures. Three
grids of each treatment (with or without CyD) were
obtained. Grids were systematically screened, and approx-
imately 20 photographs irrespective of their labeling were
taken and printed at a final magnification of 50,000. Thelabeling density in the plasma membrane (gold particles/Am
membrane) and compartments (gold particles/Am2 area) was
calculated as described (Griffiths, 1993; Weibel, 1979).
Statistical analysis
In AR assays, differences between experimental and
control conditions were tested by a two-way ANOVA and
Fisher’s protected least significant difference tests. Statis-
tical analysis for the stereological analysis was performed as
indicated in the legend to Table 2. Only significant
differences (P < 0.05) between experimental groups are
discussed in the text.Results
Membrane cholesterol modulates calcium-triggered
acrosomal exocytosis in intact and permeabilized
spermatozoa
Capacitation is a complex process that prepares the
sperm for acrosomal exocytosis. During in vitro capacita-
tion, the cholesterol content of the membrane is reduced. We
wondered whether changes in cholesterol will affect
acrosomal exocytosis directly because the exocytic process
requires a specific sterol content in the membranes or
indirectly by modulating some other sperm parameter that
changes during capacitation. CyD reduces sperm cholesterol
with a relatively fast exponential kinetics (half time of
around 10 min, Iborra et al., 2000). However, capacitation
of human spermatozoa requires several hours. Therefore, in
principle, it is possible to manipulate the cholesterol content
of the sperm at different stages of the capacitation process.
With this purpose, sperm were incubated under capacitating
conditions for different periods of time and challenged with
progesterone. Some aliquots were incubated with 1 mM
CyD for 15 min just before progesterone stimulation. The
results in Fig. 1A show that, without capacitation, the
hormone did not trigger exocytosis and that incubation with
CyD for 15 min did not increase exocytosis under these
conditions. In contrast, after 2 or 5 h of capacitation, the
sperm underwent exocytosis in the presence of progester-
one. Interestingly, incubation for 15 min in the presence of
CyD just before stimulation improved acrosomal exocytosis
in these spermatozoa. These results suggest that changes in
cholesterol content have a direct effect on exocytosis. Still,
during the 15-min incubation, CyD may accelerate some
specific step of the signal transduction pathway leading to
AR. To reduce this possibility, we stimulated with A23187,
a calcium ionophore that should narrow the effect to events
occurring downstream the raise of cytosolic calcium.
Ionophore-induced acrosomal exocytosis was also stimu-
lated by preincubation with CyD (Fig. 1B). The effect of
CyD on the AR was due to cholesterol removal from the
plasma membrane since it was inhibited by CyD loaded
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CyDC did not only reverse the stimulatory effect of CyD but
completely abolished acrosomal exocytosis. Neither CyD
nor CyDC was capable of inducing AR per se (Fig. 1B). The
cholesterol content of sperm cells was measured under these
experimental conditions (Table 1). Notice that the 2-h
incubation under capacitating conditions caused a signifi-
cant decrease in cholesterol levels compared to non-
capacitated samples. A short incubation with relatively
low CyD concentrations caused a further decrease in sperm
sterol content. In contrast, when sperm were incubated with
CyDC, cholesterol accumulated in the cells. These results
indicate that a decrease in membrane cholesterol content
favors whereas an increase inhibits acrosomal exocytosis,
confirming the reports of Cross (1996) and Osheroff et al.
(1999). In addition, since the effect was observed even when
the cholesterol content was changed just before stimulation,
they support the hypothesis that cholesterol has a direct
effect on exocytosis.
As a means to show that the short period of incubation
with CyD does not alter other process occurring during
capacitation, we examined by Western blot the tyrosine
phosphorylated protein profile of sperm under our exper-
imental conditions. Protein tyrosine phosphorylation is an
important intracellular event accompanying the in vitro
capacitation of mouse (Visconti et al., 1995a,b), bovine
(Galantino-Homer et al., 1997) and human spermatozoa
(Aitken et al., 1995; Luconi et al., 1996; Osheroff et al., 1999;
Tomes et al., 1998). This posttranslational protein modifica-
tion is activated by cholesterol efflux from the sperm plasma
membrane (Osheroff et al., 1999; Visconti et al., 1999a,b).
The results indicate that incubation under capacitating
conditions induced tyrosine phosphorylation (compare lanes
0 h and 2 h in Fig. 1C). In contrast, the brief treatment withTable 1
Sperm cholesterol content under different conditions
Conditions Mean SEM N
Non-permeabilized sperm
Capacitated (2 h)a 100
Non-capacitated 125 7 5 *b
Capacitated + CyD (1 mM) 85 5 5 *
Capacitated + Amph (12.5 AM) 113 19 2 ns
Capacitated + CyDC 217 14 4 *
Capacitated + Amph + CyDC 188 19 2 *
Permeabilized sperm
Capacitated (2 h)a 100
Non-capacitated 108 2 3 ns
Capacitated + CyD (1 mM) 72 14 4 *
Capacitated + Amph (12.5 AM) 93 12 3 ns
Capacitated + CyDC 140 21 3 *
Capacitated + Amph + CyDC 152 17 4 *
a All values were referred to the cholesterol content in non-permeabilized
(20 nmol/107 sperm T 5, mean T SEM, N = 8) or SLO-permeabilized (18
nmol/107 sperm T 6, N = 4) sperm capacitated for 2 h.
b Significantly (*) or not significantly (ns) different from the reference
value (one-way ANOVA, P < 0.05).CyD did not modify the tyrosine phosphorylation profile
(compare lanes 2 h and 2 h plus CyD in Fig. 1C).
Calcium-triggered acrosomal exocytosis can be studied
in streptolysin-O permeabilized sperm. In this experimental
model, transmembrane gradients of ions or charges, which
could be influenced by cholesterol changes, are eliminated.
Still, cholesterol depletion produced a significant increase
in the percentage of cells that underwent calcium-triggered
AR (Fig. 1D, CyD Y Ca) with respect to calcium alone
(Ca); conversely, cholesterol-loaded cyclodextrin (Fig. 1D,
CyDC Y Ca) produced a strong inhibition of calcium-
induced acrosomal exocytosis. Furthermore, cyclodextrins
(CyD and CyDC) displayed a concentration-dependent
ability to alter the percentages of calcium-triggered
acrosomal exocytosis in permeabilized sperm (Fig. 1E).
Cholesterol contents were measured in permeabilized
sperm (Table 1). Similar to what was observed in intact
sperm, CyD and CyDC significantly altered the sterol
levels in permeabilized cells. There was a consistent
decrease in cholesterol content when capacitated versus
non-capacitated sperm were compared. However, the
difference was small and statistically not significant. These
results demonstrate that permeabilized spermatozoa
respond to CyD challenge like the intact ones and indicate
that cholesterol levels affect the exocytic process directly.
Cholesterol efflux from the membranes affects the normal
fusion process
To rule out the possibility that cholesterol removal affects
the stability of the plasma membrane and outer acrosomal
membrane, causing an artifactual AR, we assessed the effect
of well-known inhibitors of the AR on the calcium-triggered
exocytosis of CyD-treated permeabilized spermatozoa. Exo-
cytosis in the presence of CyDwas sensitive to: i) inactivation
of Rab3A by GDI (GDP-dissociation inhibitor) or an anti-
Rab3A antibody (Tomes et al., 2005) (Fig. 2, CyD + GDIY
Ca and CyD + anti-Rab Y Ca), ii) cleavage of SNAP25 by
BoNT/E (Tomes et al., 2002) (Fig. 2, CyD +BoNTYCa), iii)
competition of endogenous synaptotagmin by the recombi-
nant C2A domain of synaptotagmin VI (Michaut et al., 2001)
(Fig. 2, CyD +C2AYCa) and iv) blockage of intraacrosomal
calcium efflux by Xestospongin C, an inhibitor of inositol
triphosphate-dependent calcium channels (De Blas et al.,
2002) (Fig. 2, CyD + XpY Ca). These results show that CyD
is facilitating the normal membrane fusion process rather than
destabilizing membranes by a nonspecific mechanism.
Membrane fusion depends on a cholesterol balance in the
lipid membrane
The polyene antibiotic Amphotericin B is known to be a
specific sterol ligand (Kato and Wickner, 2001), and it has
been described as a cholesterol-disrupting agent (Carozzi et
al., 2000). We hypothesized that Amphotericin B may affect
acrosomal exocytosis by anchoring to cholesterol within
Fig. 2. Cholesterol efflux from membranes affects the normal fusion
process. Sperm incubated for 2 h under capacitating conditions were
permeabilized and treated with 0 mM (top panel, CyD) or 1 mM (bottom
panel, +CyD) CyD for 15 min at 37-C in SB buffer. The medium was
supplemented, when indicated, with the following compounds: 4 AM GDI
(GDI), 20 Ag/ml anti-Rab3A antibody (anti-Rab), 350 nM botulinum
neurotoxin E (BoNT), 20 Ag/ml recombinant C2A domain of synaptotag-
min VI (C2A), 1 AM Xestospongin C (Xp). The samples were further
incubated for 15 min at 37-C with no addition (Co) or in the presence of 10
AM free Ca2+ (Ca). Acrosomal exocytosis was evaluated as explained in
Materials and methods. The data represent the mean T SEM of at least three
independent experiments. For each panel, the means of groups that shares a
letter do not differ significantly ( P > 0.05).
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caused a dramatic inhibition of calcium-triggered AR,
particularly in non-permeabilized (Fig. 3A, Amp Y
A23187) but also in SLO-permeabilized spermatozoa (Fig.
3C, Amp Y Ca). The effect was dose-dependent (non-
permeabilized, Fig. 3B; permeabilized, Fig. 3D). These
results were somehow surprising since it would be expected
that both CyD and Amphotericin B would affect AR in the
same way. Possible explanations for these observations are
that cholesterol is necessary at an optimal concentration or
that the antibiotic is affecting exocytosis by a different
mechanism. To address this point, we tried to reverse the
effect of Amphotericin B with the addition of cholesterol.
We observed that 1 mM CyDC overcame the inhibitory
effect of 12.5 AM Amphotericin B in non-permeabilized
(Fig. 3A, Amp + CyDC Y A23187) and permeabilized
(Fig. 3C, Amp + CyDCY Ca) spermatozoa. It is interesting
to point out that the concentration of CyDC that reversed theinhibition of Amphotericin B blocked exocytosis in the
absence of the antibiotic (Fig. 3, CyDC Y A23187,
CyDC Y Ca). Amphotericin B binds cholesterol; therefore,
it should affect cholesterol availability in the membranes but
not the overall content of this lipid in sperm. Table 1 shows
that Amphotericin alone or in combination with CyDC did
not alter the cholesterol content in non-permeabilized and
permeabilized sperm. These results indicate that Amphoter-
icin B is affecting exocytosis by a cholesterol-dependent
mechanism and that a critical cholesterol concentration is
required for an optimal fusion process.
Cholesterol content regulates an early step during sperm
membrane fusion cascade
Our results indicate that membrane cholesterol content is
directly affecting acrosomal exocytosis, a complex process
that requires several sequential events. To identify the step
of the fusion cascade that is altered by the cholesterol
content, we used the photolabile calcium chelator, NP-
EGTA-AM. This compound is a photosensitive membrane-
permeant EGTA analog that accumulates in membrane-
bound compartments. In intact sperm, NP-EGTA-AM
permeates through the plasma membrane and accumulates
in the cytoplasm where it is hydrolyzed to NP-EGTA. In
contrast, in permeabilized sperm, NP-EGTA-AM crosses
the plasma membrane through the SLO pores and then
permeates into the acrosome, where the AM residues are
hydrolyzed by acrosomal esterases. As a consequence, the
chelator accumulates in the acrosome and depletes Ca2+
from this compartment. In previous reports, we have shown
that a calcium efflux from the acrosome is required even
when free Ca2+ in the cytosolic compartment is buffered to
10 AM (De Blas et al., 2002). When permeabilized cells
were preloaded with 10 AM NP-EGTA-AM, buffering free
Ca2+ to 10 AM (0.5 mM EGTA + 0.5 mM CaCl2) failed to
elicit exocytosis as long as the cells were kept in the dark
(Fig. 4, NP Y Ca). When NP-EGTA-AM was converted by
UV flash to products with negligible calcium affinity,
exocytosis was restored (Fig. 4, NP Y Ca Y hr). These
data confirm that cytosolic calcium is not enough to trigger
AR; it requires free intraacrosomal calcium. As expected,
CyD (Fig. 4, NP Y CyD Y Ca Y hr) stimulated and
CyDC (Fig. 4, NP Y CyDC Y Ca Y hr) inhibited the AR,
when both cyclodextrins were present throughout the
experiment. In a second experimental setting, we added
calcium to NP-EGTA-AM-loaded spermatozoa and incu-
bated for 15 min in the dark before addition of cyclo-
dextrins. During this incubation, the exocytic process
proceeds until it reaches the step that requires the release
of calcium from inside the acrosome. At this point,
cyclodextrins were added, and cholesterol efflux or addition
was elicited by an additional 15-min incubation. At the end
of the last incubation, the intraacrosomal calcium pool was
replenished by photoinhibition of the intraacrosomal cal-
cium chelator. Under these conditions, we observed that
Fig. 3. Acrosomal exocytosis depends on a cholesterol balance in the lipid membrane. (A) Sperm incubated for 2 h under capacitating conditions were treated,
when indicated, for 15 min at 37-C with 12.5 AM Amphotericin B (Amp), 1 mM CyDC (CyDC) or 12.5 AM Amphotericin B plus 1 mM CyDC (Amp +
CyDC). Acrosomal exocytosis was evaluated after an additional 15-min incubation at 37-C in the absence (Co) or presence of 10 AM A23187 (A23187). (B)
Effect of different concentrations of Amphotericin B on non-permeabilized spermatozoa treated as described in panel A. (C) Sperm incubated for 2 h under
capacitating conditions were permeabilized and incubated for 15 min at 37-C in SB buffer supplemented as indicated in panel A. Acrosomal exocytosis was
evaluated after an additional 15-min incubation at 37-C in the absence (Co) or presence (Ca) of 10 AM free Ca2+. (D) Effect of different concentrations of
Amphotericin B on permeabilized spermatozoa treated as described in panel C. Acrosomal exocytosis was evaluated as explained in Materials and methods.
The data represent the mean T SEM of at least three independent experiments. For panels A and C, the means of groups that share a letter do not differ
significantly ( P > 0.05).
Fig. 4. Cholesterol content regulates a step upstream the intraacrosomal calcium release. Sperm incubated for 2 h under capacitating conditions were
permeabilized and loaded with 10 AM NP-EGTA-AM for 15 min at 37-C. Sperm were treated for 15 min at 37-C with 1 mM CyD (CyD), 1 mM CyDC
(CyDC) or 12.5 AM Amphotericin B (Amp). Afterwards, free Ca2+ was buffered to 10 AM (Ca), and the incubation proceeded for additional 15 min.
Alternatively, NP-EGTA-AM-loaded sperm were treated first with 10 AM free Ca2+ and then with CyD, CyDC or Amp. All these procedures were carried out
in the dark. UV flash photolysis of the chelator was induced at the end of the incubation period (2-min exposure to a UV transilluminator, hr). As controls,
untreated aliquots were incubated in the absence (Co) or presence of 10 AM free Ca2+ (Ca), and two aliquots of NP-EGTA-AM-loaded sperm were stimulated
with 10 AM free Ca2+; one was kept in the dark (NP Y Ca) and another one was illuminated at the end of the incubation (NP Y Ca Y hr). The data were
normalized as explained in Materials and methods. The data represent the mean T SEM of at least three independent experiments. The groups were compared
with the NP-loaded untreated group (NPY Ca Y hr). Nonsignificant differences (ns) or significant differences of the means for P < 0.05 (*) or P < 0.01 (**)
are indicated for each bar.
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NP Y Ca Y CyDC Y hr) did not significantly affect AR
(compare with Fig. 4, NP Y Ca Y hr).
These results indicate that, once the fusion process has
proceeded to the step that requires the release of calcium
from inside the acrosome, the system is no longer
responsive to changes in membrane cholesterol. Thus, we
predicted that the process should become resistant to the
sterol ligand Amphotericin B. In fact, this antibiotic
inhibited exocytosis when present from the beginning of
the experiment (Fig. 4, NPYAmpY CaY hr) but did not
affect AR when added after the system had reached the
intraacrosomal calcium sensitive step (Fig. 4, NP Y Ca Y
Amp Y hr).
In summary, in these series of experiments, exocytosis
was triggered in the presence of NP-EGTA-AM to prepare
the fusion machinery up to the step when intraacrosomal
calcium release is required. At this point, the system
becomes resistant to reagents that affect membrane choles-
terol contents, indicating that this sterol regulates a processFig. 5. Membrane cholesterol does not affect Rab3A activation. (A) Sperm incub
when indicated, with 1 mM CyD (CyD), 1 mM CyDC (CyDC) or 12.5 AM Ampho
15 min at 37-C with no additions (Co), in the presence of 10 AM free Ca2+ (C
permeabilized as in panel A were incubated for 15 min at 37-C in SB buffer supp
indicated, 1 mM CyD or 1 mM CyDC was included in the buffer. The samples were
GDP (RabGDP). When indicated, 10 AM free Ca2+ was added (Ca). (C) Sperm p
supplemented with 0.7 mM MgCl2. When indicated, 1 mM CyD or 1 mM CyDC w
37-C with 300 nM GST-Rab3A loaded with GTP (RabGTP). Acrosomal exocytos
the mean T SEM of at least three independent experiments, except for CyDY Ca,
activity in a single experiment. For panels A, B and C, the means of groups thatthat occurs early in the membrane fusion process leading to
acrosomal content release.
Cholesterol levels do not affect Rab3A activation
Having determined that cholesterol efflux modulates an
early step in the exocytic cascade, we set out to identify
the specific target/s involved. We focused on the small
GTPase Rab3A, which we know displays an early role in
the AR (De Blas et al., in press). Calcium initiates the
exocytosis by activating Rab3A, probably by boosting the
exchange of GTP for GDP and the dissociation from GDI
(Michaut et al., 2000). Concomitantly, addition of active
Rab3A (Rab3A in the GTP-bound form) to permeabilized
human spermatozoa triggers AR in the absence of calcium
(Fig. 5A and Yunes et al., 2000). Surprisingly, Rab3A-
triggered exocytosis was not affected by cholesterol efflux
(Fig. 5A, CyD Y RabGTPgS) or cholesterol increase (Fig.
5A, CyDC Y RabGTPgS) in the membranes. Similarly,
Amphotericin B failed to inhibit the RabGTPgS-inducedated for 2 h under capacitating conditions were permeabilized and treated,
tericin B (Amp) for 15 min at 37-C. The samples were further incubated for
a) or 300 nM GST-Rab3A loaded with GTPgS (RabGTPgS). (B) Sperm
lemented with 0.7 mM MgCl2, 0.2 mM GTP and 4 AM GDI (GDI). When
further incubated for 15 min at 37-C with 300 nM GST-Rab3A loaded with
ermeabilized as in panel A were incubated for 15 min at 37-C in SB buffer
as included in the buffer. The samples were further incubated for 15 min at
is was evaluated as explained in Materials and methods. The data represent
CyDCY Ca and AmpY Ca that were included as control of the compound
share a letter do not differ significantly ( P > 0.05).
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cholesterol affects a step in the cascade that precedes
Rab3A-induced tethering.
Rab proteins cycle between the inactive soluble GDP-
bound and active GTP-bound forms. A variety of proteins
regulate this cycle: GDI extracts Rabs from membranes,
keeping them in the inactive form, GEF (guanine nucleotide
exchange factor) activates Rabs by catalyzing GTP for GDP
exchange, and GAP (GTPase activating protein) accelerates
the low intrinsic GTP hydrolysis rate of typical Rabs, thus
causing their inactivation (Pfeffer, 2001). Therefore, we next
investigated whether cholesterol concentration modulates
the activation state of Rab3A. Recombinant Rab3A pre-
loaded with GDP in the presence of 0.7 mM MgCl2 to avoid
spontaneous exchange with GTP, and free GTP was added
to the assay. Under these conditions, Rab3A did not trigger
the AR in the presence of GDI, which maintains Rab3A in
its GDP-bound form (Fig. 5B, GDI Y RabGDP). Changes
in cholesterol concentrations under these conditions failed to
increase the percentage of reacted spermatozoa (Fig. 5B,
CyD + GDI Y RabGDP or CyDC + GDI Y RabGDP),
suggesting that cholesterol does not regulate the sponta-
neous exchange of GTP for GDP. Calcium triggers
acrosomal exocytosis promoting the exchange of GTP for
GDP on Rab3A (Michaut et al., 2000). Accordingly, Rab3A
overcame GDI inhibition when calcium was added to the
system (Fig. 5B, GDIY RabGDPY Ca). In the presence of
10 AM free calcium, neither CyD (Fig. 5B, CyD + GDI Y
RabGDP Y Ca) nor CyDC (Fig. 5B, CyDC + GDI Y
RabGDP Y Ca) significantly affected the percentage of
reacted spermatozoa. These data support the idea that Rab3A
activation by GEF is not influenced by cholesterol concen-
tration in sperm membranes.
To assess whether membrane cholesterol inhibits the
GTPase activity of Rab3A and therefore Rab3A inactivation,
we induced acrosomal exocytosis with Rab3A loaded with
GTP instead of GTPgS. Rab3A-GTP-triggered exocytosis
was not affected by cholesterol efflux (Fig. 5C, CyD Y
RabGTP) or cholesterol increase (Fig. 5C, CyDC Y
RabGTP) in the membranes. These results suggest that
GAP activity is independent of cholesterol concentration in
sperm membranes. Taken together, our data indicate that
cholesterol affects a step that precedes Rab3A activation.
However, it does not influence the activity of this small
GTPase by stimulating a GEF or inhibiting a GAP.
Cholesterol efflux promotes Rab3A anchoring to
membranes
Based on the results described above, we considered the
possibility that cholesterol efflux could increase the active
Rab pool by promoting Rab3A association to membranes.
In experiments shown in Fig. 5A, 300 nM of prenylated and
activated Rab3A (Rab-GTPgS) was used. We reasoned that
this concentration may have been high enough to saturate
the system, masking any possible regulatory effect bycyclodextrins. Thus, we analyzed the influence of choles-
terol removal (Fig. 6A, squares) and addition (Fig. 6A,
triangles) on exocytosis elicited by submaximum Rab3A
concentrations. As shown in Fig. 6A, cyclodextrins mark-
edly affected Rab3A-induced AR at concentrations below
150 nM, whereas they did not affect exocytosis at higher
Rab3A concentrations. These results suggest that Rab3A-
elicited AR is sensitive to cholesterol levels. We hypothe-
sized that cholesterol efflux promotes an increase of active
Rab3A on the membranes.
To directly address whether cholesterol depletion pro-
motes the interaction of exogenous Rab3Awith membranes,
we isolated membranes from 2-h capacitated spermatozoa
incubated for 15 min at 37-C with 1 mM CyD (cap + CyD)
or with buffer (cap). Sperm membranes were incubated with
25 nM recombinant Rab3A prenylated and loaded with
GTPgS as described. Western blot analysis revealed that
cholesterol efflux increased exogenous Rab3A’s association
to sperm membranes by two-fold (Fig. 6B, top). The blot
was reprobed with an anti-M6PR antibody to estimate the
protein loads in each lane. No effect was observed on this
receptor, an integral membrane protein that should not be
altered by the cholesterol content of the membrane
(Belmonte et al., 2000) (Fig. 6B, bottom). We wondered
whether the cholesterol efflux occurring during capacitation
could also affect Rab3A association to sperm membranes.
For these experiments, membranes were obtained from non-
capacitated (Fig. 6C, non-cap) and 2-h capacitated sperm
(Fig. 6C, cap). Western blots were quantified by densitom-
etry, and the results are shown in Fig. 6D. Notice that
membranes from capacitated sperm bound significantly
more Rab3A than membranes from non-capacitated sperm
(Figs. 6C and D). Treatment with CyD also increased the
association of Rab3A to non-capacitated sperm membranes
(Figs. 6C and D).
The Western blot analysis indicates that the cholesterol
content of the membranes regulates membrane association
of Rab3A. Given the fractionation method, our preparation
contained sperm membranes from different subcellular
origins. To better characterize the membranes where
recombinant Rab3A bound to, permeabilized human sperm
were incubated with EGTA-AM (to prevent exocytosis) in
the absence or presence of CyD. Cells were incubated with
recombinant activated Rab3A and fixed. Cryosections were
incubated with an anti-Rab IgG followed by an anti-rabbit
antibody coupled to 10 nm gold particles. Stereological
analysis of the gold particles distribution among the
different sperm compartments indicates that nonspecific
binding (i.e., gold particles in nucleus, acrosome and
extracellular compartment) was very low as compared with
labeling in the head cytoplasm (Table 2). Controls carried
out without the primary antibody showed about 10 times
less labeling (data not shown). Removal of cholesterol by
pretreatment with 1 mM CyD significantly increased the
labeling in the plasma membrane (Fig. 7, pm and Table 2),
whereas labeling of the remaining compartments was not
Fig. 6. Cholesterol efflux promotes Rab3A anchoring to membranes. (A) Sperm incubated for 2 h under capacitating conditions were permeabilized and treated
for 15 min at 37-C with SB buffer with no additions (circles), supplemented with 1 mM CyD (squares) or 1 mM CyDC (triangles). The samples were further
incubated for 15 min at 37-C with increasing concentrations of RabGTPgS. Acrosomal exocytosis was evaluated as explained in Materials and methods. The
data represent the mean T SEM of at least three independent experiments. (B) Sperm incubated for 2 h under capacitating conditions were treated with (cap +
CyD) or without (cap) 1 mM CyD for 15 min at 37-C. Membranes were obtained according to Bohring and Krause (1999). Aliquots of these membranes were
incubated with 25 nM recombinant GST-Rab3A loaded with GTPgS for 20 min at 37-C. After washing, the samples were analyzed by Western blot using an
anti-Rab3A antibody. The membranes were stripped and labeled with an anti-M6PR antibody. Shown is a blot representative of three experiments. (C) Sperm
were recovered from a 1-h swim-up in HTF without BSA (non-cap). A fraction was incubated for 2 h under capacitating conditions (HTF supplemented with 5
mg/ml BSA) (cap). When indicated, sperm were treated with 1 mM CyD for 15 min at 37-C just before homogenization (+CyD). Membranes were obtained,
incubated with GST-Rab3A and analyzed by Western blot as in panel B. Purified GST-Rab3A was loaded in the left lane (GST-Rab3A). The Ponceau red
staining of the blot is shown at the bottom. Molecular weight standards (kDa) are indicated to the left in panels B and C. (D) ECL-exposed films and Ponceau
red staining were scanned. Optical densities were referred to the amount of Rab3A bound by 2 h capacitated sperm membranes. The data represent the mean T
SEM of three independent blots. Significant differences from capacitated sperm for P < 0.05 (*) or P < 0.01 (**) are indicated for each bar.
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promotes Rab3A association with the sperm plasma
membrane, a key localization for promoting acrosomal
exocytosis.
If cholesterol content influences Rab3A membrane
association, this protein may change its distribution during
capacitation. To test this hypothesis, endogenous Rab3A
was measured in membranes of non-capacitated (non-cap)
and capacitated (cap) sperm, treated with (+CyD) or
without 1 mM CyD (Fig. 8A). Western blots were quantified
by densitometry, and the results are shown in Fig. 8B.Capacitation promoted the membrane association of endog-
enous Rab3A, and CyD treatment further enhanced this
process (Figs. 8A and B). The amount of Rab3A in
unfractionated lysates was similar in capacitated and non-
capacitated sperm, indicating that the increase of Rab3A in
the membranes was not due to a raise in the total content of
Rab3A in the sperm (Fig. 8A).
In brief, our results indicate that the cholesterol efflux
from sperm membranes achieved by incubation under
capacitating conditions or by short treatments with CyD
favors the anchoring of recombinant and endogenous
Table 2











Cytoplasm 6.12 T 1.85** 4.09 T 0.81**
Nucleus 0.22 T 0.04 0.21 T 0.04
Acrosome 0.66 T 0.21 0.70 T 0.29
Extracellular 0.50 T 0.11 0.44 T 0.12
The data represent the mean T SEM of 21 micrographs from two
independent experiments.
Particle density on the plasma membrane, inside compartments of the sperm
head (cytoplasm, nucleus, acrosome) and in the extracellular medium was
calculated by standard stereological procedures. Most particles in the
cytoplasm localized between the outer acrosomal membrane and the plasma
membranes, but some were found between the inner acrosomal membrane
and the nucleus.
* Significantly different from control (Student’s t and Mann–Whitney
tests, P < 0.001).
** Significantly different from other compartments (Tukey–Kramer and
Steel–Dwass tests for pairwise comparisons, P < 0.01).
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the acrosomal exocytosis.Discussion
During membrane fusion, lipid bilayers of two adjacent
membrane-bound compartments merge and an aqueousFig. 7. Targeting of recombinant Rab3A to the plasma membrane is enhanced by C
permeabilized and treated for 15 min at 37-C in the presence (CyD) or absence (co
continued for additional 15 min. Finally, 50 nM recombinant Rab3A loaded with
Rab3A and viewed by electron microscopy. Scale bars, 100 nm. ne, nuclear env
plasma membrane; white asterisk, cytoplasm; arrow heads indicate gold particlesfusion pore connecting the compartments forms. The
molecular machinery and thermodynamic forces driving
this complex process are not completely understood.
However, it is widely accepted that an intricate interaction
between lipids and cytosolic and membrane proteins occurs
during membrane fusion. A large variety of lipids have been
tested with regard to their ability to promote fusion. The
lipid composition that produced the most efficient fusion
was a mixture of PC:PE:SM:CHOL (35:30:15:20) and is
close to the lipid composition of synaptic vesicles (Haque et
al., 2001). A role for cholesterol in membrane fusion has
generally been associated with its capacity of promoting the
organization of both lipid domains with special biophysical
properties called rafts and large cholesterol-dependent
clusters distinct from rafts. These domains are important
for the functional coupling of several membrane-bound
proteins that participate in membrane fusion (Lang et al.,
2001; Salaun et al., 2004).
Cholesterol is a key lipid in the physiology of sperm
cells. Evidence from several sources supports the notion that
cholesterol efflux is important for many events occurring
during sperm capacitation, such as the activation of protein
kinase A, the increase on tyrosine phosphorylation (Osher-
off et al., 1999; Visconti et al., 1999a) and lipid scrambling
in the plasma membrane (Flesch et al., 2001). In addition,
since acrosomal exocytosis involves membrane fusion and
cholesterol is a component of the membranes, this lipid may
have a direct role in AR. Our aim in the present work was to
evaluate the possibility that the cholesterol content of sperm
membranes affects the fusion process itself.
In a first series of experiments, sperm were incubated
several hours in a capacitating medium. Afterwards, theyD treatment. Sperm were incubated for 2 h under capacitating conditions,
ntrol) of 1 mM CyD. Ten micromolar EGTA-AM was added, and incubation
GTPgS was added. Ultrathin frozen sections were immuno-gold-labeled for
elope; in, inner acrosomal membrane; ou, outer acrosomal membrane; pm,
over the plasma membrane.
Fig. 8. Cholesterol affects the membrane association of endogenous Rab3A. (A) Sperm were recovered from a 1-h swim-up in HTF without BSA (non-cap). A
fraction was incubated for 2 h under capacitating conditions (HTF supplemented with 5 mg/ml BSA) (cap). Sperm were treated when indicated with 1 mM
CyD for 15 min at 37-C just before homogenization (+CyD). An aliquot of the sperm was lysed in sample buffer (non-cap lysate and cap lysate). Membranes
from the rest of the sperm were obtained according to Bohring and Krause (1999). The endogenous Rab3Awas detected in Western blot using an anti-Rab3A
antibody. A brain lysate was loaded in the left lane (brain). The Ponceau red staining of the blot is shown at the bottom. Shown is a blot representative of three
experiments. Molecular weight standards (kDa) are indicated to the left. (B) ECL-exposed films and Ponceau red staining were scanned. Optical densities were
referred to the amount of Rab3A present in membranes from 2 h capacitated sperm. The data represent the mean T SEM of three independent blots. Significant
differences from capacitated sperm for P < 0.05 (*) or P < 0.01 (**) are indicated for each bar.
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incubation with 1 mM CyD or CyDC. This concentration is
below the threshold that would induce AR per se (Fig. 1B
and Cross, 1999). However, the 15-min incubation period
used is sufficient to induce significant changes in sperm
cholesterol (Table 1). This is consistent with the 10 min half
time exponential kinetics of cholesterol removal in the
presence of CyD reported in goat sperm (Iborra et al., 2000).
We speculate that 15-min incubation should be short enough
to leave other capacitation-related sperm parameters
unchanged. In human sperm, several hours of incubation
are required to increase protein tyrosine phosphorylation, a
posttranslational modification that correlates with capacita-
tion (Osheroff et al., 1999). Consistent with the idea that the
short incubation with CyD should not affect other capaci-
tation-related parameters, the protein tyrosine phosphoryla-
tion profile was unchanged (Fig. 1C). Notwithstanding,
cholesterol removal under our mild conditions increased
significantly the percentage of cells that underwent AR in
response to ionophore challenge (Fig. 1B). In contrast, the
AR was completely abrogated when cyclodextrin was
preloaded with cholesterol. The same results were observed
in SLO-permeabilized sperm, where exocytosis was directly
triggered by a free calcium rise in the incubation medium
(Figs. 1D–E). These results indicate that cholesterol content
of the membranes has a direct role in the membrane fusion
mechanism leading to acrosomal exocytosis.
Reagents that form stable complexes with sterols also
affect cholesterol availability in membranes. Amphotericin
B anchors to cholesterol within mammalian cell membranes
acting as a cholesterol-disrupting agent (Carozzi et al.,
2000). This antibiotic caused a striking inhibition of the
acrosomal exocytosis in intact (Fig. 3A, B) and also inpermeabilized (Figs. 3C, D) sperm, suggesting that choles-
terol plays a crucial role in the fusion process. The blocking
effect of Amphotericin B was reversed with the appropriate
concentration of cholesterol (Figs. 3A, C), indicating that
the maintenance of a cholesterol balance in cell membranes
is essential for the fusion process. Consistent with this
observation, a cholesterol balance is also necessary to allow
efficient fusion of liposomes and Golgi vesicles in intra-
Golgi transport (Haque et al., 2001; Stuven et al., 2003) and
for the efficient transport of ricin to the Golgi apparatus
(Grimmer et al., 2000). In brief, we have obtained consistent
evidence indicating that cholesterol contents of the mem-
branes affect directly the membrane fusion cascade.
In previous reports (De Blas et al., 2002; Tomes et al.,
2004), we have shown that a light-sensitive calcium
chelator – that accumulates inside the acrosome – can
reversibly inhibit the AR. When sperm are stimulated in the
presence of this reagent, the exocytic process proceeds up to
the stage that requires the release of calcium from inside the
acrosome. Upon a flash of UV light, the chelator is
inactivated, the calcium inside the acrosome is released,
and exocytosis is completed. By using this experimental
approach, it was observed that CyD, CyDC and Amphoter-
icin B do not affect the late events occurring after the release
of the intraacrosomal calcium (Fig. 4). These experiments
indicate that cholesterol is important for an earlier event
rather than for the mixing of the lipid bilayers. In agreement
with this observation, several sterol-binding antibiotics
block the priming stage in an in vitro fusion assay between
yeast vacuoles (Kato and Wickner, 2001).
Another intriguing observation was that, when exocy-
tosis was initiated by adding recombinant Rab3A saturated
with GTPgS, the acrosomal exocytosis was resistant to
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5A). This observation indicates that cholesterol is regulating
some event in the fusion process that can be overcome by
the addition of preactivated Rab3A. One possibility is that
cholesterol is playing a role in the activation–deactivation
cycle of Rab3A, and preloading the protein with GTPgS is
masking the cholesterol effect. We consider this possibility
unlikely because we did not observe any effect of
cholesterol when the assay was set to be sensitive to Rab3A
activation or inactivation (Figs. 5B–C). Another possibility
was that cholesterol was regulating the availability of
Rab3A for the fusion process and that the effect of the
lipid was not observed when excess of recombinant Rab3A
was added to the assay. Concentration curves performed
under conditions that increased or decreased the cholesterol
content of the membranes support the later hypothesis (Fig.
6A). It is well known that Rab proteins are posttranslation-
ally modified by the covalent attachment of isoprenoids on
cysteine residues at the C-terminus (Seabra, 1998) and that
prenylation provides the protein the physical ability to make
a stable attachment with a lipid bilayer (Calero et al., 2003).
For this reason, we postulate that cholesterol regulates
Rab3A anchoring to membranes. In agreement with this
possibility, we observed that CyD increases the amount of
recombinant Rab3A that associates with sperm membranes
(Figs. 6B–D). Immunoelectron microscopy confirmed that
cyclodextrin promotes the recruitment of Rab3A specifi-
cally to the sperm plasma membrane (Fig. 7, Table 2).
Sperm cholesterol contents modulate the anchoring of both
recombinant (Figs. 6B–D) and endogenous (Fig. 8) Rab3A
to membranes, suggesting that this protein becomes
membrane-bound during capacitation. At first sight, these
results appear to contradict those from Ward et al., who have
reported that Rab3A is mostly membrane-associated in non-
capacitated as well as in capacitated mouse sperm (Ward et
al., 1999). This discrepancy may be explained by the
composition of the media where non-capacitated sperm
were cultured. Thus, while our medium contains Ca2+ and
bicarbonate, but no protein, Ward’s medium lacks Ca2+ and
bicarbonate but contains BSA. In consequence, both
capacitated and non-capacitated sperm may have had similar
cholesterol levels in the plasma membrane. This interpreta-
tion would be in complete agreement with our results,
depicted in Fig. 8, that show that Rab3A’s association with
the membranes is regulated by cholesterol levels in both
capacitated and non-capacitated sperm. Other authors have
observed that cholesterol regulates the association of some
specific Rabs, such as Rab7 (Lebrand et al., 2002) and Rab4
(Choudhury et al., 2004), to endosomal membranes.
Interestingly, in these observations, an increase of choles-
terol prevents GDI-mediated extraction of Rabs from
endosomes, suggesting that an optimal level of sterol is
necessary for Rab membrane association.
Cholesterol is involved in the stabilization and function
of lipid-enriched microdomains (lipid rafts) within a
membrane. The scaffold of these microdomains is built bysphingolipids and cholesterol (Brown and London, 1998;
Stulnig et al., 1997; Xavier et al., 1998). Due to the physical
properties of these microdomains, distinct classes of
membrane proteins are incorporated, whereas others are
excluded (Brown and London, 1998). Interestingly, some
evidence indicates that prenylated proteins such as Rabs are
excluded from rafts (Melkonian et al., 1999; Pyenta et al.,
2001). On the other hand, several reports suggest that some
SNARE proteins are present in the plasma membrane in
lipid raft domains (Chamberlain et al., 2001; Pombo et al.,
2003) or cholesterol-dependent clusters (Lang et al., 2001).
It has been proposed that the association of SNAREs with
lipid rafts or cholesterol clusters acts to concentrate these
proteins at defined sites of the plasma membrane (Salaun et
al., 2004). The t-SNARE syntaxin 2 has been localized in
both raft and non-raft fractions in guinea pig sperm (Travis
et al., 2001). Our laboratory has demonstrated that several
SNARE proteins are present in human spermatozoa and that
SNARE complex assembly is required for human sperm AR
(Tomes et al., 2002). A possible explanation for our
observations is that, at high levels of cholesterol, SNAREs
are concentrated in rafts but Rab3A fails to be anchored to
the membranes. When cholesterol is decreased, Rab can
coexist in the same membrane domains as SNAREs,
recruiting its effectors and initiating the tethering between
the outer acrosomal membrane and the plasma membrane.
Therefore, acrosomal exocytosis, which requires Rab-
dependent tethering and SNARE-dependent docking, is
optimized. According to our data, at the stage when a
calcium efflux from the acrosome is required, the fusion
machinery is already assembled, and the process becomes
resistant to changes in membrane cholesterol.
In short, cholesterol efflux appears to confer fertilization
competence, at least in part, by enhancing Rab3A associ-
ation with sperm plasma membrane and optimizing the
conditions for the productive assembly of the fusion
machinery required for acrosome reaction. During capaci-
tation, the cholesterol content of the sperm membranes
decreases, and rafts domains reorganize (Cross, 2004;
Shadan et al., 2004). More experiments should be carried
out to assess how changes in sperm cholesterol occurring
during capacitation modulate the interaction of Rab3A with
the plasma membrane.Acknowledgments
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